INTRODUCTION
In eukaryotic cells, DNA replication is initiated at multiple origins internal to each chromosome; the origin-recognition complex recruits cell division cycle and minichromosome maintenance proteins to form a pre-initiation complex (1) . At the G 1 -S phase transition, the latter complex is activated by cyclin-dependent protein kinases leading to formation of an initiation complex that alters local DNA structure through DNA helicase activity (1, 2) . The replication protein A (RPA) 1 is recruited to bind and stabilize single-stranded DNA (ssDNA) produced by the initiation complex (3, 4) . RPA serves as an auxiliary factor for DNA polymerase-D/primase (pol-D/primase): it stabilizes the protein complex by direct interaction with both pol-D and primase subunits, and it reduces the misincorporation rate of pol-D, acting as a "fidelity clamp" (5, 6) . The pol-D/primase complex consists of four subunits, including the catalytic pol-D subunit (p185), a regulatory B subunit (p70), and two primase subunits (p49 and p58). On a ssDNA template, the primase synthesizes short RNA primers from ribonucleotides (rNTPs), which are elongated by pol-D in the presence of deoxyribonucleotides (dNTPs) to form short DNA fragments. Through mechanisms requiring other replication factors, pol-D/primase is replaced by the more processive DNA polymerases pol-and pol- (7) . Pol-synthesizes the leading strand, whereas pol-completes each Okazaki fragment initiated by pol-D/primase on the lagging strand and proofreads errors made by pol- (7) . The initiator RNA and DNA fragments are later removed by nucleases and the Okazaki fragments are sealed by DNA ligase (7) .
The pol-D/primase complex is the only eukaryotic DNA polymerase able to initiate DNA synthesis de novo. In addition to initiating DNA replication and synthesizing Okazaki fragments, it appears to be one of the final targets of cell-cycle checkpoint pathways that couple DNA replication to DNA damage response (2, 8) . The role of RPA in initiation, elongation, and completion of lagging strand DNA synthesis has been thoroughly investigated (3, 9) , but in vitro studies suggest that some additional factors that promote the rapidity of DNA replication in vivo are still lacking (2) .
In the course of purifying pol-D/primase from extracts of cultured mouse L1210 cells, we identified a factor we named alpha accessory factor (AAF) that stimulates pol-D/primase activity in vitro (10, 11) . The protein has a native molecular mass of ~150 kDa, as determined from its sedimentation coefficient and Stokes radius, and is composed of two subunits of ~132 kDa and ~44 kDa. AAF stimulates pol-D/primase activity with several different templates and types of reactions: (i) it stimulates self-primed reactions with poly(dT), poly(dIdT), or single-stranded circular DNA; (ii) it stimulates primed reactions with poly(dA)•oligo(dT) and multiply primed DNA in the absence of rNTPs, indicating that it affects pol-D activity when no primers are being made; and (iii) it stimulates primase activity on ssDNA in the absence of dNTPs, showing it can enhance RNA primer synthesis in the absence of DNA synthesis (11) . AAF increases the template affinity and processivity of pol-D/primase (12) . AAF is highly specific for pol-D/primase, and has no effect on the other mammalian DNA polymerases , , or , or on the DNA polymerase/primase complexes from Drosophila and S. cerevisiae (11) .
The cloning of both AAF subunits based on peptide sequences obtained from the purified protein allowed us now to further characterize the AAF-44/123 complex structurally and functionally. Based on siRNA experiments in cancer cell lines, AAF appears to regulate DNA replication in vivo.
EXPERIMENTAL PROCEDURES
Purification of AAF and Sequencing of Tryptic Peptides. AAF was purified from 80 g of cultured mouse L1210 lymphoblastic cells as described previously, and its activity was measured following stimulation of pol-D/primase on unprimed poly(dT) using 0.1 U of purified pol-D/primase (11) . Fractions from the S-300 column (step V) containing AAF activity were pooled, concentrated, and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), and the 132 kDa and 44 kDa subunit bands were excised and sent to the W. M. Keck Foundation Biotechnology Resource Laboratory at Yale University (http://keck.med.yale.edu). Individual tryptic peptides were separated by reverse phase HPLC, and sequenced by mass spectrometry using an electrospray/quadrupole/time of flight spectrometer. The N-terminus of the 44 kDa band was sequenced by the UCSD Biology Department Protein Sequencing Facility, but the N-terminus of AAF-132 was found to be blocked.
cDNA Cloning of AAF-132 and AAF-44. Peptide sequences were used to search available databases with the BLAST program (13) , and initially two EST clones were found, AA655197 and AA039012, containing sequences corresponding to several peptides from the 132 kDa and 44 kDa subunits, respectively. Both clones were obtained from the ATCC, and were sequenced. A probe for AAF-132 was produced with the primers 5'-CCAAACAGAGTCTGCA-AGCAAAAC-3' and 5'-CCTTAGGCAGTGT-CAAGACG-3;' it was labeled with [D-32 PO 4 ]-dCTP by random hexamer priming (14) , and used to screen an oligodT-primed mouse testis cDNA library in ȜGT10 (Stratagene). Two overlapping AAF-132 clones were isolated, which encoded an uninterrupted open reading frame of 1199 amino acids including the 3' end, but were missing a proper start codon. To clone the 5' end of both AAF-132 and AAF44, we employed the Rapid Amplification of cDNA 5' Ends (5' RACE) method (15) with L1210 RNA serving as a template. The gene specific primers for AAF-132 were 5'-CTTTGGGTCAAAAGTAGCCCAAGC-C-3' and 5'-TCGGAGGTAGGTGGTTCGCCC-3.' The primers for AAF-44 were 5'-TCGGATGAT-ATCTCCAATCCC-3' and 5'-TCTGCTCGATGG-TCTCCTGC-3.' For each subunit, two independent PCR products were sequenced.
Northern Blot Analyses. Mouse tissue Northern blots (Clontech) were hybridized with cDNA probes encoding murine AAF-44 (nucleotides 164-544), AAF-132 (nucleotides 3401-3692), or human ȕ-actin (Clontech) as described (14) . Probes were generated by PCR and labeled by random hexamer priming using either [ 5 ' fusion sites were created using PCR and the following sets of primers: 5'-GGATCCATGGCTGCTTGC-CGAGCACAAC-3' and 5'-CTTTGGGTCAAAA-GTAGCCCAAGCC-3'for AAF-132; 5'-CTCGA-GGAGATGCCACAGCCCTGCCTCTTG-3' and 5'-TCTGCTCGATGGTCTCCTGC-3' for AAF-44. The PCR products were sequenced and spliced into the full length coding sequences in pcDNA3-MYC, pcDNA3-HA, or pXJ40-Flag, creating an in-frame fusion with an N-terminal Myc-, hemagglutinin (HA)-, or Flag-epitope tag (16, 17) . AAF-44 and/or AAF-132 in pcDNA3-Myc was used as a template for a coupled transcription/translation reaction using T7 RNA polymerase, 35 S-methionine, and the TNT TM reticulocyte lysate system according to the manufacturer's instructions (Promega).
Site-directed Mutagenesis.
Site-directed mutagenesis of AAF-44 was performed using the QuickChange TM mutagenesis II XL kit from Stratagene with the following primers (sense strand with mutant nucleotides are underlined): 5'-GTTATAAACTGCGTCTGCGCAAAGAAGCT-GAGCAAC-3' (W96A) and 5'-GTCCGAGGCT-CTGTGCGTATGGCCCGAGAAGAGCGAGA-G-3' (F151A). The mutagenesis product was sequenced.
Cell Culture. Cells were grown in the following media: human embryonal kidney 293T cells in Iscove's Modified Dulbecco's medium, MDA-MB-231 and MCF7 breast cancer cells in Dulbecco's Modified Eagle's Medium (DMEM)/ F12 medium, PC3 prostate cancer cells in RPMI medium, and HeLa cervical cancer cells in DMEM. All media were supplemented with 10% fetal bovine serum (FBS) unless otherwise specified.
DNA Transfections and Co-Immunoprecipitation Experiments. 239T cells were transfected in full growth medium with 2 ȝg of DNA and 5 ȝl of Lipofectamine 2000 TM per 6 well cluster dish. Cells were lysed 24 h later in 50 mM TrisHCl pH 7.5, 150 mM NaCl, 1% Triton-X-100, and protease inhibitor cocktail (Calbiochem) for 10 min at 4(C. The lysates were cleared by centrifugation at 14,000 x g for 10 min, and a monoclonal mouse anti-HA epitope antibody (Santa Cruz Biotechnology, SC7392), or a polyclonal rabbit anti-Myc antibody (SC789) were added (16) . Immunoprecipitates were collected on Protein G agarose, washed 6 times in lysis buffer, and analyzed by SDS-PAGE/Western blotting (16) .
Immunoaffinity Purification of AAF-44. 239T cells were transfected with an expression vector encoding Flag epitope-tagged AAF-44 and either Myc-tagged AAF-132 or empty vector as described above. Cells were lysed in buffer containing 50 mM TrisHCl pH 7.5, 50 mM NaCl, 0.3% NP40, and protease inhibitor cocktail; cleared lysates were incubated with anti-Flag M2 agarose beads (Sigma) for 1h. The beads were washed 6 times in lysis buffer, and AAF-44 was eluted in buffer containing 0.03% NP40 and 0.1 mg/ml Flag peptide (Sigma).
DNA Binding Assay. For DNA binding assays, cells were transfected as described above, and 20-200 ȝg of cell lysate protein were incubated for 20 min at 4(C in binding buffer [10 mM K-HEPES pH 7.9, 25 mM KCL, 0.25 mM DTT, 0.1 mM EDTA, 5% glycerol] with 0.1 mg/ml of bovine serum albumin and the indicated amount of biotinylated (dC) 30 oligodeoxyribonucleotide [oligo(dC); Invitrogen] in a total volume of 70 ȝl. In some experiments, cell lysates were pre-incubated with non-biotinylated oligo-(dC) 30 for 15 min prior to addition of biotinylated probe. Streptavidin agarose beads (Thermo Scientific) were added for an additional 20 min, the beads were washed three times in binding buffer with 0.1% Triton-X-100, and bound proteins were analyzed by SDS-PAGE/Western blotting using the appropriate anti-epitope antibody.
Primer-dependent DNA Synthesis Assay. Oligoribonucleotides synthesized by purified pol-D/primase were assayed by measuring their ability to serve as primers for the E.coli pol I Klenow fragment. The four subunit DNA pol-D/primase complex was immunoaffinity-purified from human leukemic myeloblasts or calf thymus using SJK132-20 antibody as described (18, 19) ; both preparations were devoid of detectable exo-or endonuclease activity. Reactions were carried out in a 20 ȝl mixture containing 50 mM K-HEPES pH 7.6, 50 mM KCL, 8 mM MgCl 2 , 2 mM DTT, 0.1 mM EDTA, 0.1 mg/ml bovine serum albumin, 0.01% NP40, 5% glycerol, 2mM rATP, 20 ȝM [D-32 PO 4 ]dATP (6 ȝCi/nmol), 500 ng poly(dT) template (Sigma), 1U of Klenow (New England Biolabs), and 0.1U of purified pol-D/primase (11, 18) . To this assay were added variable amounts of immunoaffinity-purified AAF-44/132 complex or AAF-44 purified in the absence of AAF-132; Flag elution buffer served as a control. After a 15 min incubation at 37(C, acid-insoluble radioactivity was collected on glass fiber filters and quantified by scintillation counting.
Immunofluorescence Studies. HeLa cells were plated on glass coverslips, and 16-20 h later were transfected with vectors encoding epitopetagged AAF-44 or AAF-132 using Lipofectamine 2000 TM . Cells were transferred to serum-free medium for 48 h, and then treated with 10 g/ml aphidicolin (Sigma) in 10% serum-containing medium for an additional 24 h to stimulate them to reach the G1/S border. To release the aphidicolin block, cells were washed three times and incubated in complete growth medium to allow semisynchronous progression through S-phase (20) . At indicated times, cells were fixed in methanol at -20(C, permeabilized in 0.1% Triton-X-100, and stained with antibodies specific for proliferating cell nuclear antigen (PCNA, Santa Cruz Biotechnology), and Myc-or HA-epitopes as described (16, 21) . . After 20 h, they were plated at 7 x 10 4 cells/well in 24-well dishes, and transferred to media containing either 10% dialyzed FBS or 0.5% FBS for 24 h prior to incubation with 5 Ci/ml of [methyl- 3 H] thymidine (Perkin-Elmer, 20 Ci/mmol) for 4 h. Cells were lysed in 0.1% SDS/0.1N NaOH, nucleic acids were precipitated in 10% trichloroacetic acid, and precipitates were collected on glass fiber filters; radioactivity was quantified by liquid scintillation counting. The assay was linear with time and cell number. The target sequences for AAF-44 siRNAs were (#1) 5'-UGGAUC-CUGUGUUUCUAGCCU-3', and (#2) 5'-CAGC-UUAACCUCACAACUUAA-3'; siRNA oligoribonucleotides were synthesized by Qiagen, including the AllStars Negative Control siRNA (#1027281). A second control siRNA was from Dharmacon and was targeted at green fluorescent protein (GFP, D-001300-01).
Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR).
One microgram of total cytoplasmic RNA was subjected to reverse transcription with random hexamer primers, and quantitative PCR was performed using an Mx3000 real time PCR detection system (Stratagene) with IQ TM SYBR Green Supermix (Bio-Rad) (22) . The following primers were used: 5'-GACCAGCCTTTTCACAGCTC-3' (AAF-44, sense) and 5'-GCAAGGGACAGCAAAGACTC-3' (AAF-44, anti-sense); 5'-AACGGATTTGGTC-GTATTGGG-3' (glyceraldehyde-3-phosphate dehydrogenase, GAPDH, sense) and 5'-TGGAGGA-TGGTGATGGGATTTC-3' (GAPDH, anti-sense). Relative changes in mRNA expression were calculated with GAPDH serving as an internal reference (22) .
Data Presentation. Results presented in bar graphs represent the means ± standard error of at least three independent experiments performed in duplicate. The Student t-test was employed for pair-wise comparisons; a p value of < 0.05 was considered to indicate statistical significance.
RESULTS
Purification and Peptide Sequencing of AAF-132 and AAF-44 Subunits. AAF was purified from L1210 murine lymphoblasts through phosphocellulose, hydroxylapatite, DNA cellulose, and gel filtration chromatography (11) . Amino acid sequences from several internal peptides of the 132 kDa and 44 kDa subunits were obtained by tandem mass spectrometry; in addition, Edman degradation resulted in an N-terminal sequence of the small subunit (Table I) .
cDNA Cloning and Genomic Organization of AAF-132. Database searches with the BLAST program (13) yielded a single expressed sequence tag (EST)-based nucleotide sequence comprising peptides 7 and 8 of AAF-132 [ Table I ] (GenBank accession No. AA655197). We used this sequence to isolate two overlapping clones from a mouse cDNA library, and we employed the 5'RACE method (15) to extend the open reading frame to a total of 1211 amino acids. The first methionine is in the context of a good Kozak sequence, and is preceded by 41 presumably untranslated nucleotides. The open reading frame contains the exact amino acid sequences of all nine tryptic peptides derived from purified AAF-132 (Table I) , and the calculated molecular weight for the encoded protein is 133,917, in good agreement with the apparent molecular weight observed on SDS-PAGE (11) .
After completion of the above-described work, full-length cDNA clones of unidentified proteins became available through the NCBI databases; clones NM_026889 and NM_025099 encode murine and human AAF-132, respectively, which share 69% amino acid sequence identity (Genbank accession numbers of AAF sequences are summarized in Supplemental Table I ). Several minor sequence differences between the two murine cDNAs are listed in Supplemental Table  II ; most differences did not result in amino acid changes, but in three of four cases where it did, our sequence corresponds to amino acids found in the human protein. Two genomic clones from mouse chromosome 11 demonstrate that the AAF-132 gene contains 23 exons spanning 15 kb. Several mouse EST clones were found that encode exons I and II and extend the 5'-UTR to a total of 208-222 nucleotides (Supplemental Table I provides a list of the EST and genomic clones).
cDNA Cloning and Genomic Organization of AAF-44. BLAST searches with the peptide sequences obtained for AAF-44 yielded an EST clone containing perfect matches for peptides two to six of AAF-44 (AA039012) [ Table I ]. 5' RACE extended the open reading frame to a total of 378 amino acids (calculated molecular weight 43,482), including peptide one obtained from the Nterminal sequencing of AAF-44 (Table I) ; the latter included 197 nucleotides of the 5'-UTR, with a termination codon upstream and in-frame with the ATG. Two genomic clones from mouse chromosome 19 (Supplemental Table I ) show that the AAF-44 gene contains ten exons over a distance of 36 kb. Recently, BLAST searches also identified a full-length cDNA clone encoding murine AAF-44 (NM_175360); compared to our sequence, this clone contains one nucleotide change, but identical amino acid sequence, and 229 nucleotides of 5'UTR. Three EST clones were found that extend further 5' (corresponding to the genomic sequence); these clones suggest that the 5'UTR may be unusually long, consisting of 327-349 nucleotides (Supplemental Table I provides accession numbers). Based on a human cDNA sequence, human and murine AAF-44 share 71% amino acid sequence identity.
AAF mRNA analysis. Using probes encoding parts of AAF-132 or AAF-44 coding sequences, we performed Northern blot analysis of polyA + RNA from adult mouse tissues and found single messenger RNA species of ~4 and 2 kb for AAF-132 and AAF-44, respectively (Fig. 1A) . The sizes of the mRNAs correspond approximately to the length of their cDNAs (4 kb and 1.9 kb for AAF-132 and -44, respectively). The amount of AAF-44 message was low, but correlated with the amount of AAF-132 mRNA, with highest levels (compared to ȕ-actin) found in testis and undetectable levels in skeletal muscle.
Expression of Epitope-tagged AAF-44 and AAF-132 Proteins. In vitro transcription and translation of cDNAs encoding Myc epitopetagged versions of AAF-44 and/or AAF-132 yielded products with apparent molecular masses corresponding to those of the native AAF subunits, and 35 S-methionine-labeled proteins reacted with antibodies directed against the Myc epitope ( Fig.  1B ; the Myc epitope increases the apparent molecular weight). We observed high levels of the 44 kDa subunit, but lower levels of the 132 kDa subunit in 293T cells transfected with expression vectors encoding Myc-tagged AAF-44 and/or AAF-132 (Fig. 1C) . Co-expression of AAF-44 always improved recovery of the large subunit, whereas storing samples at 4(C, -20(C, or -80(C caused dramatic losses of the 132 kDa protein.
The 132 kDa subunit generally migrated as a blurry band, suggesting the presence of posttranslational modification(s). In addition, variable amounts of high molecular weight protein aggregates were observed at the top of the gel (marked with an asterisk in Fig. 1C ). This was also observed during AAF purification, where a portion of AAF-132 appeared to form large aggregates which migrated only a short distance on SDS-PAGE (11) .
Co-immunoprecipitation of AAF-132 and AAF-44 From Intact Cells.
To determine whether the two AAF proteins associate in intact cells, 293T cells were transfected with vectors encoding Myc epitope-tagged AAF-132 and/or HA-tagged AAF-44.
When AAF-132 was immunoprecipitated from lysates of cells coexpressing both proteins, AAF-44 was found in the immunoprecipitates, but no AAF-44 was observed in anti-Myc immunoprecipitates obtained from cells expressing either AAF-44 or AAF-132 alone ( Fig. 2A, lanes 1-3 of (13) , no significant homology to known proteins was found, and no specific conserved domains were identified. In contrast, BLAST analysis of the AAF-44 sequence predicted the presence of an oligonucleotide/ oligosaccharide-binding (OB)-fold domain, and demonstrated homology to RPA-32, the 32 kDa subunit of the replication protein A complex. RPA is the most abundant ssDNA binding protein in mammalian cells. It is a heterotrimer composed of a 70 kDa, 32 kDa, and 14 kDa subunit (RPA-70, -32, and -14) and plays a central role in DNA replication, DNA damage recognition, and DNA repair (9, 23, 24) . The RPA heterotrimer binds ssDNA via four DNA-binding OB-fold domains located on the RPA-70 and -32 subunits; in addition, RPA directly interacts with pol-D/primase and diverse DNA processing proteins (3, 23) . Therefore, AAF and RPA-32 may share not only structural, but also functional homology (discussed below).
To determine the evolutionary relationship between AAF-44 and RPA-32, we used ClustalW (25) for progressive alignment of the predicted amino acid sequences of AAF-44 and RPA-32 from different species, including human, rat, mouse, chicken, zebra fish, S. pombe, and other fungi. From the sequence alignment, an unrooted phylogenetic tree was constructed (Fig. 3A) . The data suggest that AAF-44 and RPA-32 are evolutionarily related and may have arisen from gene duplication before the divergence of fungi and animals. No AAF-44 orthologs could be identified in D. melanogaster, C. elegans, or S. cerevisiae. Murine AAF-44 and RPA-32 share 21% sequence identity, compared to 28% sequence identity between murine and S. pombe RPA-32. The relationship between AAF and RPA-32 was confirmed using the progressive alignment procedure of Feng and Doolittle (26). The positions of sequence identity are distributed over the length of the AAF-44 protein, with some highly conserved clusters of several residues. The highest density of conserved residues is found in the centrally located, single OB-fold domain of RPA-32 involved in ssDNA binding (Fig. 3B) .
Crystal structures of the three main RPA ssDNA binding domains have been solved, with two of the domains residing on RPA-70 and one on RPA-32 (27,28). All three domains contain a central OB-fold, which is a five-stranded closed ȕ-barrel capped by an Į-helix and forms the binding surface for ssDNA (23, 29) . DNA binding is sequence independent and occurs primarily via non-polar interactions between amino acid side chains and the nucleic acid bases or ribose moieties (29,30). Fig. 3B shows a structure-based sequence alignment of the RPA-70 and RPA-32 OB-fold domains with the putative OB-fold domain of AAF-44 (27,28,30). The nucleic acidbinding OB family has low sequence similarity among its members; however, structure-based alignment has demonstrated a pattern of conserved amino acid residues within E-sheets (30). AAF-44 contains several conserved features consistent with an OB-fold topology (Fig. 3B ): (i) hydrophobic residues in alternating amino acid positions, especially in ȕ1, ȕ2 and ȕ4; (ii) a conserved glycine/alanine in ȕ1; (iii) a conserved aspartate at the end of ȕ2; and (iv) two aromatic amino acids at the end of ȕ3 and ȕ4, which in RPA-70 stack with the DNA bases (27,29). These results suggest that AAF-44 contains an OB-fold domain that is highly related to the OB-fold domains of RPA-32 and RPA-70.
AAF Binds to Single-stranded DNA. To determine if AAF binds to single-stranded DNA, we transfected 293T cells with expression vectors encoding Myc epitope-tagged AAF-44 and/or AAF-132, and incubated increasing amounts of cell lysate protein with biotinylated oligo(dC) 30 . The oligo(dC) was captured on streptavidin-coated beads, and after extensive washing, bound proteins were analyzed by SDS-PAGE and Western blotting with anti-Myc antibody. Fig. 4A shows that AAF-44 and AAF-132, when expressed separately, bound weakly to the single-stranded oligo(dC), but when both subunits were expressed together, strong DNA binding was observed. The differences in the amount of DNA-bound AAF-44 were not explained by differences in the amount of AAF-44 expressed in the presence or absence of AAF-132, although AAF-132 was less abundant when expressed by itself, as mentioned before (Supplemental Fig. 1A) . No binding of AAF to streptavidin beads was detectable in the absence of biotinylated probe (data not shown).
To examine binding specificity, we performed competition experiments, in which increasing amounts of non-biotinylated oligo(dC) 30 were added to cell lysates prior to adding biotinylated probe. As shown in the left panel of Fig. 4B , binding of the AAF-44/132 complex to biotinylated probe was almost completely prevented in the presence of a 100-fold excess of non-biotinylated oligo(dC). Similar competition experiments were performed with AAF-44 and AAF-132 expressed separately (Fig. 4B, right panels) ; although DNA binding was much weaker, it was competed to a similar extent by the non-biotinylated oligo(dC), suggesting similar binding affinities. It is possible that recombinant AAF-44 and AAF-132 expressed separately bind DNA by forming complexes with endogenous AAF subunits present in limiting amounts (this question is addressed below). Myctagged AAF-44 also bound to single-stranded DNA cellulose, but not to control cellulose beads (Supplemental Fig. 1B) .
Effect of Mutations in the Putative OB-fold Domain of AAF-44. To test the hypothesis that AAF-44 contains a functional OB-fold involved in ssDNA binding, we performed site-directed mutagenesis and replaced two conserved aromatic amino acids with alanine residues (W96 and F151 in the murine sequence; the corresponding residues in the human sequence are marked with arrowheads in Fig. 3B ). When 293T cells were transfected with vectors encoding Flag epitopetagged wild type or double-mutant AAF-44 together with Myc epitope-tagged AAF-132, similar amounts of wild type and mutant proteins were expressed (Fig. 4C, /AAF-132 complex bound to the probe compared to wild type AAF (Fig. 4C , the top panel shows a typical DNA pulldown assay with DNA-bound proteins detected using anti-Myc plus anti-Flag antibodies). The W96A/F151A mutation in AAF-44 reduced DNA binding to 44 r 7% of wild type AAF (Fig. 4D summarizes results of three independent experiments). The difference was also apparent when wild type or mutant AAF-44 were expressed in the absence of recombinant AAF-132, and cell lysates were incubated with increasing amounts of biotinylated oligo(dC) 30 probe (Supplemental Fig.  1C ). These results suggest that mutation of the two conserved aromatic amino acids within the putative OB-fold domain of AAF-44 interferes with DNA binding of the protein. While the effect of the mutations was moderate, a similar reduction in RPA DNA binding is observed when the corresponding two aromatic amino acids in the OB-fold domain of RPA-32 are mutated to alanine (31).
AAF DNA Binding Requires Both Subunits. To determine whether AAF-44 can bind ssDNA by itself, or whether binding requires association with the large subunit, we immunoaffinity purified Flag epitope-tagged AAF-44 from 293T cells. The protein was isolated from cells expressing Flag-tagged AAF-44 in the presence or absence of Myc-tagged AAF-132. AAF-44 was eluted from the immunoaffinity matrix using Flag peptide, and eluted proteins were analyzed by SDS-PAGE/silverstaing. AAF-44 appeared as a major band together with two contaminating bands that were also present in eluates derived from empty vector-transfected cells, and Myc-tagged AAF-132 co-purified with AAF-44 from cells cotransfected with both subunits (Supplemental Fig.  2A ). When increasing amounts of these eluates were incubated with biotinylated oligo(dC) 30 , strong DNA binding of both subunits was detected in samples containing AAF-44 with co-purified AAF-132, but no binding was apparent in samples containing purified AAF-44 alone, even though similar amounts of AAF-44 were present whether or not AAF-132 was co-purified ( Fig. 5A shows DNA-bound proteins detected by probing with anti-Flag plus anti-Myc antibodies, and Supplemental Fig. 2B shows a Western blot of AAF-44 present in the eluates). Non-specific binding of the AAF-44/132 complex to streptavidin beads in the absence of biotinylated probe was excluded (Fig. 5A, lane 5) . To determine whether addition of AAF-132 could rescue DNA binding of purified AAF-44, we incubated purified Flag-tagged AAF-44 with biotinylated oligo(dC) 30 To determine the DNA binding affinity of AAF, we incubated a constant amount of purified AAF-44/132 complex with increasing amounts of biotinylated oligo(dC) 30 probe, isolated the protein/ DNA complex on streptavidin-coated beads, and quantified the amount of DNA-bound AAF-44 by Western blotting (Fig. 5C ). DNA binding was saturated at probe concentrations >0.14 PM (10 pmol of probe). Fig. 5D shows a doublereciprocal plot of 1/[relative amount of DNAbound AAF-44] versus 1/[probe concentration]; from these data we estimate the apparent association constant to be K a 2.8 x 10 6 M -1 . For comparison, the apparent association constant of the RPA heterotrimer varies depending on the length of the oligodeoxynucleotide probe, from ~7 x 10 7 M -1 for oligo(dT) 10 to ~1.5 x 10 9 M -1 for oligo(dT) 50 [as determined by electrophoretic mobility shift assay (32)]. Thus, AAF appears to bind ssDNA with lower affinity than RPA.
Recombinant AAF Stimulates DNA Primase Activity. We examined the effect of purified recombinant AAF on DNA primase activity, using purified pol-D/primase from calf thymus with poly(dT) template. Oligoribonucleotides synthesized by purified pol-D/primase in the absence and presence of AAF-44 or AAF-44/132 complexes were assayed by measuring their ability to serve as primers for E.coli pol I Klenow fragment. Adding concentrated immunoaffinitypurified AAF-44/132 to pol-D/primase stimulated primase activity about seven-fold compared to the activity measured in the presence of Flag peptide elution buffer (Fig. 6 , the grey bars show results for concentrated and 1:3 diluted AAF-44/132; because of variable degrees of AAF-132 proteolysis, the amount of intact AAF-44/132 complex in each preparation could not be accurately determined).
In contrast, adding purified AAF-44 by itself had no significant effect on primase activity (Fig. 6, black bars) . Similar results were obtained with pol-D/primase purified from human myeloid leukemic blasts (data not shown). Neither AAF-44 by itself, nor the AAF-44/132 complex affected Klenow activity (data not shown). Thus, consistent with the finding that the intact AAF-44/132 complex is required for DNA binding (Fig. 5C ), both subunits are required for stimulation of DNA primase activity.
Nuclear Localization of AAF Subunits, and Co-localization of AAF with PCNA.
To examine the subcellular localization of AAF in intact cells, we used rabbit anti-HA and murine anti-Myc epitope-specific antibodies to perform double immunofluorescence staining in HeLa cells transfected with HA-epitope-tagged AAF-44 and Myc-tagged AAF-135. AAF-44 appeared to be largely nuclear, with sparing of nucleoli; some cytoplasmic immunofluorescence was apparent, perhaps due to high expression levels (Fig. 7A, left  panel) .
AAF-132 staining was exclusively nuclear, also with exclusion of nucleoli (Fig. 7A,  right panel) .
During S-phase, chromosomal replication occurs at distinct sites in the nucleus, termed replication foci, which contain multiple proteins required for DNA replication (20) . Pol-D, RPA, and proliferating cell nuclear antigen (PCNA) colocalize with bromo-deoxyuridine-labeled nascent DNA within replication foci (20, 21, 33, 34) . To determine if AAF localized in replication foci, we transfected HeLa cells with Myc epitope-tagged AAF-44 and AAF-132, enriched cells for S-phase by releasing them from aphidicolin blockade, and subjected them to double immunofluorescence staining using rabbit anti-PCNA and murine antiMyc antibodies (20) . Deconvolution microscopy demonstrated co-localization of AAF with PCNA in discrete, punctate regions of the nucleus, with PCNA also present on the nuclear membrane (Fig.  7B ). The punctate and nuclear membrane staining of PCNA in S-phase nuclei has been observed previously (20, 21, 35) .
siRNA-mediated Knock-down of AAF-44 Inhibits DNA Replication. Since AAF appears to work as a template affinity protein that assists pol-D/primase in synthesis of the lagging strand of DNA replication forks (12), we asked whether AAF is required for DNA replication in intact cells.
We used siRNA oligoribonucleotides targeting two different sequences in human AAF-44, which reduced AAF-44 mRNA levels in MDA-MB-231 breast cancer cells by ~80% and >90%, compared to mRNA levels in cells transfected with two control siRNAs (Fig. 8A) . In MDA-MB-231 cells grown in the presence of 10% dialyzed FBS, the AAF-44 siRNAs reduced [methyl-3 H] thymidine uptake into DNA by 32 r 7% and 65 r 5%, compared to thymidine uptake measured in control siRNA-transfected cells (Fig.  8B , black bars, p < 0.05 for the comparison between cells transfected with AAF siRNA versus GFP siRNA). These results indicate that reducing the intracellular AAF concentration affects the rate of DNA replication. Similar results were obtained when cells were grown in low serum-containing medium, indicating that AAF levels were limiting for DNA synthesis even in serum-deprived cells with low DNA synthesis rates (Fig. 8B, grey bars) . We also examined MCF-7 breast cancer and PC-3 prostate cancer cells, and found that the AAF-44 siRNA inhibited DNA synthesis significantly (p < 0.05), albeit less than observed in MDA-MB-231 cells (Fig. 8C for AAF-44 mRNA levels, and Fig.  8D for [methyl- 3 H] thymidine uptake). The AAF-44 siRNA did not affect cell viability, as measured by trypan blue staining or by flow cytometry examination of propidium iodine-stained cells for sub-G1 DNA content, even when cells were treated repeatedly for up to 96 h (data not shown).
DISCUSSION
DNA replication starts at many origins on each chromosome, and DNA primase in the pol-D/primase complex is the only enzyme known to prime DNA replication in eukaryotic cells (2) . In addition to starting the leading strand of the nascent fork at each replication origin, pol-D/primase also initiates each of the vast number of Okazaki fragments on the lagging strand. More than 20 million Okazaki fragments have to be initiated during a single S phase in mammalian cells (2) . The rates of primer synthesis and pol-D extension rates measured in vitro fall significantly short of the assumed rapidity of the in vivo process, indicating a key role of factors that enhance pol-D/primase activity in vivo (2). The RPA complex, which enhances processivity and fidelity of primer extension by pol-D is one of those factors (3). AAF appears to be a second such factor, because AAF improves the efficiency of pol-D/primase in initiating and extending DNA fragments by three mechanisms: (i) it keeps the enzyme associated with a ssDNA template; (ii) it facilitates the movement of pol-D/primase over double-stranded regions; and (iii) it increases pol-D's processivity (12) . All three AAF functions serve to enhance the activities of pol-D/primase on the lagging strand of the replication fork. Since the effects of AAF are seen at a stoichiometry of ~1 molecule of AAF per molecule of DNA template, it is unlikely that AAF functions simply by "coating" single-stranded DNA (12) . However, AAF and RPA may have coordinated functions in initiating DNA synthesis.
The function of RPA has been studied extensively in the simian virus 40 (SV40) DNA replication system, where all three RPA subunits are essential for replication (36,37). In this system, the SV40 large T antigen (T-Ag) directs assembly of a replisome through physical interaction with RPA, pol-D/primase, and topoisomerase I (36,37). AAF cannot replace RPA in this in vitro system (11) . Previous workers raised the possibility that AAF may share some functional characteristics and antigenic determinants with the SV40 T-Ag (38). However, we compared AAF-132 and AAF-44 sequences directly to those of SV40 T-Ag using the BLAST 2 program (39), and detected no significant similarities.
AAF-44 is homologous to the 32 kDa subunit of RPA; multiple key residues important for the OB-fold structure and DNA binding of RPA are conserved in AAF-44. DNA binding of RPA occurs in several stages that involve sequential participation of four different OB-fold domains, three in the RPA-70 subunit, and one in the RPA-32 subunit (3, 23, 40) . While the intact RPA heterotrimer binds ssDNA with high affinity, the three OB-fold domains in RPA-70 are thought to account for most, if not all of this binding affinity, and the interaction of the RPA-32/RPA-14 subcomplex with ssDNA is only detectable when the N-and C-termini of RPA-32 are truncated to produce a "core" domain bound to RPA-14 (4,31). AAF contains a single OB-fold domain on the 44 kDa subunit. We found that recombinant AAF-44 bound ssDNA only in the presence of AAF-132, and that AAF's DNA binding affinity was lower than that reported for the intact RPA complex (31,32).
However, a mutant RPA complex containing alanine substitutions in four conserved aromatic residues in the first and second OB-fold domain of RPA-70 has an apparent association constant similar to that of AAF; this mutant RPA complex still contains one intact "low affinity" OB-fold domain each in the 70k Da and 32 kDa subunits (31). During purification of AAF from L1210 cells (11) , pol-D/primase co-purified through the first three steps, but by the fourth step over ssDNA cellulose, AAF fractions were free of DNA polymerase activity; this suggests that intact AAF binds to ssDNA cellulose in the absence of pol-D/primase, and we did not detect any DNA polymerase/ primase activity in immunoaffinitypurified recombinant AAF-44/132 preparations. 2 Moreover, elution of AAF from ssDNA cellulose columns required much higher salt concentrations than elution of pol-D/primase, suggesting that the affinity of AAF for ssDNA is greater than that of pol-D/primase (11, 12) .
AAF-44 and AAF-132 mRNA are relatively widely expressed in different tissues, with the exception of skeletal muscle. AAF activity was originally identified in L1210 cells which have a population doubling time of < 20 h; however, it remains to be determined whether AAF levels vary with the cell cycle, and whether levels are higher in cells with a short doubling time compared to slow-growing cells.
We found that AAF co-localized with PCNA in the nuclei of replicating cells, suggesting that AAF localizes to replication centers, i.e. areas of active DNA replication.
This observation, together with the stimulatory effect of AAF on pol-D/primase activity in vitro, suggests AAF might regulate DNA replication in intact cells. Indeed, siRNA-mediated suppression of AAF-44 expression decreased DNA synthesis in several cell types. In MDA-MB-231 breast cancer cells, two different AAF-44-specific siRNAs were tested, and inhibited [methyl-
3 H] thymidine uptake into DNA. However, AAF-44 depletion had no significant effect on cell viability. These findings are similar to the phenotype observed in cells treated with siRNA targeting the catalytic subunit of pol-D, which show a delay in S-phase entry and decreased DNA synthesis, with little change in cell viability (41). This is in contrast to siRNAmediated suppression of RPA-70 or RPA-32 expression, which causes little decrease in DNA synthesis, but significant cell death due to a high level of spontaneous DNA damage (42,43).
In conclusion, AAF-44 demonstrates structural and functional homology with RPA-32, but its function is not redundant with RPA, because it cannot replace RPA in an SV40 DNA replication system in vitro, and its depletion in intact cells causes a phenotype different from that seen in RPA-depleted cells (11, 42, 43 4) and/or AAF-132 (lanes 3 and 4) with an N-terminal Myc epitope tag were subjected to in vitro transcription and translation in a coupled T7 RNA polymerase/reticulocyte lysate system using 35 S-methionine. Lane 1 shows a control reaction with "empty vector" template. Aliquots of the reaction product were analyzed by SDS-PAGE/autoradiography (upper panel) and Western blotting using a Myc epitope-specific antibody (lower panel). C: 293T cells were transfected with equal amounts of expression vectors encoding Myc-tagged AAF-44 (lanes 1 and 3) , AAF-132 (lanes 2 and 3) , or empty vector (lane 4), and cell lysates were analyzed by SDS-PAGE/Western blotting using an anti-Myc antibody. AAF-132 appears to form high molecular weight aggregates which do not enter the gel properly (marked with an asterisk). 6) . B: The experiment was similar to that described in panel A, but cell lysates were subjected to immunoprecipitation with anti-HA antibody (lanes 1-3). . B: Human AAF-44 was aligned with the sequences of the OB-fold domains of human RPA-70 and RPA-32 using ClustalW with slight manual modifications; RPA-70 and RPA-32 were aligned according to published crystal structures, and regions of strands conserved among the OB-folds are shown above as black arrows (28,30). Numbers in parentheses refer to amino acid positions in the human sequences, and residues that are identical or conserved between AAF-44 and RPA are shaded in gray. Conserved hydrophobic residues in alternating amino acid positions within the sheets are indicated by black dots, and conserved glycine and aspartate residues are marked by their bold letter symbols. Two arrow heads indicate aromatic amino acid residues that are thought to be important for ssDNA binding of RPA-32 and are conserved in members of the S1 family of OB-fold proteins (30). Three independent experiments were performed as described in panel C, and relative amounts of wild type versus mutant AAF-44 bound to oligo(dC) 30 were quantified by densitometry scanning. Asterisk, p<0.05 for the comparison between wild type and mutant AAF-44. 
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Experimental Procedures. B: HeLa cells were co-transfected with Myc epitope-tagged AAF-44 and AAF-132, serum-starved, exposed to aphidicolin in full growth media, and released from aphidicolin blockade to allow semi-synchronous progression through S-phase. Two and six hours later, cells were fixed and stained with antibodies specific for PCNA (green) and the Myc-epitope (red) as indicated; yellow fluorescence indicates co-localization in the merged images. Cells were sectioned at 2 m intervals and mid-nuclear sections are shown; images were obtained using a Delta Vision Deconvolution Microscope. 
